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Abstract
Unlike mammals, teleost fish are able to mount an efficient and robust regenerative response following optic nerve injury. Although it is clear that
changes in gene expression accompany axonal regeneration, the extent of this genomic response is not known. To identify genes involved in
successful nerve regeneration, we analyzed gene expression in zebrafish retinal ganglion cells (RGCs) regenerating their axons following optic nerve
injury. Microarray analysis of RNA isolated by laser capture microdissection from uninjured and 3-day post-optic nerve injured RGCs identified 347
up-regulated and 29 down-regulated genes. Quantitative RT-PCR and in situ hybridization were used to verify the change in expression of 19 genes in
this set. Gene ontological analysis of the data set suggests regenerating neurons up-regulate genes associated with RGC development. However, not
all regeneration-associated genes are expressed in differentiating RGCs indicating the regeneration is not simply a recapitulation of development.
Knockdown of six highly induced regeneration-associated genes identified two, KLF6a and KLF7a, that together were necessary for robust RGC
axon re-growth. These results implicate KLF6a and KLF7a as important mediators of optic nerve regeneration and suggest that not all induced genes
are essential to mount a regenerative response.
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Adult zebrafish have the ability to efficiently repair axonal
injuries in the central nervous system (CNS). Following spinal
cord injury, descending motor axons are able to re-grow from the
injury site to their proper target and this re-growth is correlated
with recovery of swimming behavior (Becker et al., 1997).
Similarly, axons from injured retinal ganglion cells (RGCs) can
traverse through optic nerve injury sites and re-grow to the optic
tectum with resulting return of vision (Bernhardt et al., 1996;
McDowell et al., 2004). These abilities are largely absent in⁎ Corresponding author. University of Michigan, 5045 Biomedical Sciences
Research Building, 109 Zina Pitcher Place, Ann Arbor, MI 48109, USA.
E-mail address: neuroman@umich.edu (D. Goldman).
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doi:10.1016/j.ydbio.2007.09.019mammals. By focusing on the events underlying successful
regeneration in zebrafish, we hope to gain insight into the failed
regeneration response in mammals and gain a more complete
view of the multiple signaling pathways necessary for nerve
regeneration. These insights may suggest new strategies for
improving mammalian CNS regeneration.
The introduction of microarray technology has enabled
researchers to screen for expression changes in thousands of
genes following nerve injury. One model of nerve regeneration
studied in this way is the mammalian dorsal root ganglion
(DRG). DRG can regenerate peripheral axons following injury
but can only regenerate central projections if a prior peripheral
lesion has occurred (Neumann and Woolf, 1999). This
“conditioning lesion effect” is driven by transcriptional changes
of an unknown number of genes (Smith and Skene, 1997) and
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Several studies have reported changes in gene expression in
DRGs following peripheral axotomy (Bonilla et al., 2002;
Costigan et al., 2002; Nilsson et al., 2005; Tanabe et al., 2003).
These studies have discovered both up and down-regulated
genes. Interestingly some of the identified genes have been
shown to enhance axon outgrowth in vitro (Bonilla et al., 2002;
Tanabe et al., 2003). However, the data generated in these studies
is confounded by the existence of multiple cell types including
primary sensory neurons, fibroblasts, satellite cells, infiltrating
immune cells, and Schwann cells in the isolated DRG. Although
all of these cell types may be important and play a role in
supporting axon regeneration in the peripheral nervous system,
their presence has the potential to obscure expression changes in
the regenerating primary sensory neuron andmay not be relevant
to CNS regeneration.
Another model of nerve regeneration commonly studied is
the visual system. The visual system is part of the CNS and is
more accessible than other parts of the CNS making it a good
model to study CNS-specific regenerative failure. In the visual
system of mammals, optic nerve injury results in failure of axon
outgrowth and cell death (Chierzi and Fawcett, 2001). However,
peripheral nerve grafts, concurrent lens injury, or eye inflamma-
tion have all been found to support RGC survival and increase
axon regeneration following nerve injury (So andAguayo, 1985;
Villegas-Perez et al., 1988; Berry et al., 1996; Fischer et al.,
2001; Leon et al., 2000; Yin et al., 2003; Lorber et al., 2005;
Pernet and Di Polo, 2006). A detailed examination of gene
expression changes, via microarray, in purified RGCs after nerve
injury with or without lens injury identified a set of genes which
differ in expression (Fischer et al., 2004a). Many of these genes
were previously identified in the conditioning lesion DRG
regeneration model (Bonilla et al., 2002; Costigan et al., 2002;
Nilsson et al., 2005; Tanabe et al., 2003). In both of these
models, infiltration of the tissue by immune cells is significantly
contributing to the regenerative response (Lu and Richardson,
1991; Yin et al., 2003).
In contrast to mammals, optic nerve injury in fish results in
robust regeneration and cell survival without the need to induce
an inflammatory response near the cell body (Bernhardt, 1999).
Therefore, examination of gene expression in fish RGCs during
optic nerve regeneration may identify both cell survival and
regeneration signals that are deficient in mammals. In addition,
comparison of gene expression changes in the regenerating fish
visual system with those occurring during regeneration of
mammalian RGCs and DRGs may identify conserved compo-
nents of the regeneration machinery.
Although the identification of regulated genes contributing to
successful regeneration is an important goal of regeneration
research it is imperative that we identify which of these regulated
genes are necessary for regeneration. Genes essential for
zebrafish optic nerve regeneration may represent candidates
for improving regeneration of the mammalian CNS. Here we
report a strategy for identifying these essential regeneration-
associated genes (RAGs).We used laser capture microdissection
(LCM) to isolate RGCs from uninjured adult retinas and retinas
whose optic nerve had been crushed 3 days earlier. RNA fromthese samples was used to probe zebrafish Affymetrix GeneChip
microarrays and identified 347 induced and 29 repressed RAGs.
Although ontological analysis of the gene expression data
suggests that optic axon lesion causes zebrafish RGCs to revert
to an earlier developmental stage, not all regeneration-induced
genes were expressed during RGC development and highlight
the differences between developmental and regenerative axon
growth. By delivering antisense morpholino-modified oligonu-
cleotides to RGCs in vivo and placing treated retinas in explant
culture for quantitative analysis of RGC axon regeneration, we
show that knockdown of KLF6a and KLF7a significantly
impairs axon regeneration while knockdown of SOCS3a and
SOCS3b or Sox11a and Sox11b has no effect.
Materials and methods
Zebrafish husbandry and surgeries
Zebrafish were obtained from our breeding colony and maintained at 28 °C
with a 14/10-h light/dark cycle. For optic nerve crush fish were deeply
anesthetized by immersion in 0.033% aminobenzoic acid ethylmethylester
(MS222; Sigma, St. Louis, MO). The right optic nerve was exposed by gently
pulling the eye out of the orbit and cutting the dorsal connective tissue. The nerve
was then crushed with a number 5 forceps until the myelin was separated and the
optic nerve sheath appeared clear at the crush site indicating all of the fibers had
been severed. Care was taken to not injury the ophthalmic artery that runs along
the nerve. The eye was then gently replaced in the orbit and the fish placed in their
home tank to recover. The left nerve was left intact and the left retina was used as
an uninjured control. On day three post-crush, fish were euthanized by overdose
ofMS222 and the eyes removed for further examination. All animals were treated
according to the guidelines of the University Committee on Use and Care of
Animals at the University of Michigan.
Tissue preparation for LCM
The lenswas removed from freshly dissected eyes and the eyeswere placed in
OCT medium in aluminum foil cups for freezing. Tissue was quickly frozen in a
2-methyl-butane bath on dry ice and then stored at −80 °C. Ten-micrometer
tissue sections were collected using a Leica CM3050S cryostat (Wetzlar,
Germany). Every 10th section from the central area of the eye was collected and
kept frozen at −80 °C in preparation for LCM.
Laser capture microdissection, RNA isolation, and RNA amplification
The Arcturus AutoPix system (Arcturus Bioscience, Inc., Mountain View,
CA) was used to isolate RGCs from retinal sections. Sections were prepared with
cresyl violet staining as follows: air dry at room temperature for 30 s, place in
75% ethanol for 30 s, place in distilled water for 30 s, stain in 1% cresyl violet
solution for 2 min, 75% ethanol for 30 s, 95% ethanol for 30 s, 100% ethanol for
30 s two times, and 100% xylene for 5 min two times. Slides were then kept in a
desiccator until LCMwas performed. The entire ganglion cell layer was removed
up to the circumferential germinal zone. Twelve sections were captured onto one
CapSure Macro LCM cap (Arcturus Bioscience, Inc., Mountain View, CA) per
retina and RNA was isolated using the PicoPure RNA isolation kit (Arcturus
Bioscience, Inc., Mountain View, CA) per manufacturer's instructions. Purified
RNA was assayed for quality using an Agilent 2100 Bioanalyzer pico-chip
(Agilent Technologies, Santa Clara, CA). Only samples with prominent 18S and
28S peaks were used in further experiments. RNA was amplified using the
RiboAmp OA RNA amplification kit from Arcturus (Arcturus Bioscience, Inc.,
Mountain View, CA).
Microarray probe preparation and hybridization
Biotinylated cRNA probe was prepared using the Megascript kit (Ambion,
Austin, TX) with the following modifications. The in vitro transcription reaction
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1.65 mM biotinlyated-11-CTP and 1.65 mM biotinlyated-16-UTP (custom
synthesized, PerkinElmer, Waltham, MA), 5.6 mM CTP, 5.6 mM UTP, 7.5 mM
ATP, and 7.5 mM GTP with the T7 RNA polymerase and buffer supplied with
the kit. The resulting RNA probe was purified using the RNeasy kit (Qiagen,
Valencia, CA). Probes were hydrolyzed and hybridized to Affymetrix zebrafish
GeneChip microarrays following the manufacturer's instructions (Affymetrix,
Santa Clara, CA).
Data analysis
Initial processing of microarray data was performed using MAS 5.0
(Affymetrix, Santa Clara, CA) microarray analysis software. “Average
difference” expression level intensity was calculated and array data were
normalized by correction to the set value for median total hybridization
intensity. Further analysis was performed using DNA-Chip software (Li and
Hung Wong, 2001). Control samples were compared to regenerating samples
using the following strict statistical parameters: (1) fold change of the
hybridization signal ≥1.8 or ≤1/1.8; (2) a p value for paired t-test b0.025;
and (3) a difference between signals ≥500. These parameters were previously
used by Fischer et al. (2004a). Gene ontological analysis (GO) was performed
using GeneSifter software (http://www.genesifter.net). For this analysis,
statistical limits were expanded to include all fold changes ≥1.5 or ≤1/1.5
with paired t-test p values ≤0.05. Over- or under-represented GO groups were
selected by z-score when 3b z-scoreb−3 and the number of probes within each
group was N10. Data will be deposited at the National Center for
Biotechnology Information Gene expression omnibus (http://www.ncbi.nlm.
nih.gov/geo/).
Quantitative real-time RT-PCR analysis
Total RNAwas isolated from adult retina or whole zebrafish embryos using
Trizol reagent (Invitrogen). Reverse transcription was performed on 1 μg of total
RNA using oligo dT primer and Superscript II (Invitrogen; Carlsbad, CA). For
the post-injury time course, real-time RT-PCR was performed on a BioRad
iCycler using SYBR Green SuperMix (BioRad; Hercules, CA). Three fish were
used for each time point examined. The right eye's optic nerve was crushed and
the left eye served as an uninjured control. Fold change in RNA levels was
calculated using theΔΔCt method, and GAPDH or L24 expression was used as
internal controls (Livak and Schmittgen, 2001). The following primer sequences
were used: α1T, 5′-TAAGTGACACAAATAACATGCAGG-3′ and 5′-CAGCT-
CAAAGAACTGTACC-3′; RhoA, 5′-TGTCAAGCGGGGAGTTGT-3′ and 5′-
CAGGAGGGCACAGAGGAA-3′; RhoA-like, 5′-CAGCCCAGGA-
GACTTGGA-3′ and 5′-TCCGTTCCCGACTTGGA-3′; RhoGDIα, 5′-
TCTTGGCTCCCGGTATGA-3′ and 5′-ATGGGCAGCTCCTCAGTG-3′;
RAD, 5′-CCCACGACCAGAAGCTGT-3′ and 5′-CTCATGCCGGTCAA-
CACA-3′; Pak1, 5′-GAAGAAAACGACCGCCTGA-3′ and 5′-AAGGCC-
GAAGGGTACAGG-3′; Rtn4, 5′-CACAGCGGTGTTGTGGTG-3′ and 5′-
CGCCGTTTCAGGTATTCG-3′; Tubb5, 5′-TGACCTCCAGGGGTCTGA-3′
and 5 ′ -GTTGGCGTCCAAGTGAGG-3 ′ ; SOCS3a , 5 ′ -CCAA-
CACGGGTCTTCTGTG-3′ and 5′-CGAGTCACATCCATCGTCA-3′;
SOCS3b, 5′-GGGAAGACAAGAGCCGAGA-3′ and 5′-CACAC-
CAAACCCTGAGCTG-3′; ILF2, 5′-CTGGAGCAGCAGGACAT-3′ and 5′-
TCCTCCAGCGCTTATC-3′; ATF4X, 5′-GAACCCAAAACCCCATCC-3′ and
5′-GTAGCGAGTTGCCGCAGT-3′; CREB3L3, 5′-AGCATCGCAGTCT-
GACCA-3′ and 5′-CTCAACGTGGACGCAATG-3′; CREM/ICER, 5′-CGCA-
TAGGCAGTGCTGGT-3′ and 5′-AGCACACTGGATGCTGCTA-3′; ATF5, 5′-
CGTGTGCCTTCATTTTGG-3′ and 5′-TGCTTTCCTTGGCGGTAT-3′;
Sox11a, 5′-GACAGGCAGCGTTCTGCT-3′ and 5′-GCCAGACCACCGA-
CATTC-3′; Sox11b, 5′-TGCTGGCACATTCTCCAA-3′ and 5′-TCACTG-
CAACCCCACAGA-3′; c-Jun, 5′-GCAAGTGCACAGCTCAA-3′ and 5′-
TGCGCTCCTCAAAAGTCC-3 ′ ; bHLHB2, 5 ′ -CGAAGAGGG-
TTCGGTTGA-3′ and 5′-CTGGATGCGTGTCTGCTG-3′; L24, 5′-CGACC-
CAGAGCAGCAAGG-3′ and 5′-AGCACATCAGAGTTTAGC-3′; and
GAPDH, 5′-ATGACCCCTCCAGCATGA-3′ and 5′-GGCGGTGTAGGCAT-
GAAC-3′. Primers were designed to span an intron when possible. All PCR
reactions gave products of the expected size and all minus reverse transcription
controls were negative.In situ hybridization
In situ hybridizationswere performedwith digoxigenin labeled cRNAprobes
as described previously (Barthel and Raymond, 2000). Sense and antisense
probes were transcribed from linearized pCDNA3 (Invitrogen; Carlsbad, CA)
plasmid using either T7 or T3 RNA polymerase. The following cDNA open
reading frames with accession numbers were cloned from 3-day post-injury
retina RNA and used to generate ribo-probes: tubb5, NM_198818; pak1,
NM_201328; rhoGDIα, NM_213461; rad, NM_199798; rac1, NM_199771;
sox11a, NM_131336; sox11b, NM_131337; creb3l3, NM_213532 crem/icer,
NM_001017664; bHLHB2, NM_212679; SOCS3a, NM_199950; SOCS3b,
NM_213304; KLF6a, NM_201461; KLF7a, NM_001044766.
Morpholino treatments
Treatment of adult RGCs following optic nerve transection was adapted from
Becker et al. (2004). Fish were anesthetized by immersion in 0.033%
aminobenzoic acid ethylmethylester (MS222; Sigma, St. Louis, MO). The
right optic nerve was exposed by gently pulling the eye out of the orbit and
cutting the dorsal connective tissue. The nerve was then transected with an
iridectomy scissors and a small piece of Gelfoam (Pharmacia; Kalamazoo, MI)
soaked in morpholino oligonucleotide (Gene Tools, LLC.; Philomath, OR)
dissolved in Danieau's buffer (Nasevicius and Ekker, 2000) was placed at the cut
site. One microliter of a 1-mM solution of morpholino was added to each piece of
Gelfoam. The following day the fish was anesthetized and the Gelfoam removed.
To label cells that took up morpholino, lysine fixable rhodamine dextran MW
3000 (Molecular Probes; Eugene, OR) was added to the morpholino solution at a
concentration of 1mg/mL. The followingmorpholinos targeting the transcription
start site of each gene were used: GFP-MO, 5′-CCCCATGGCGGCACG-
CATTGTTCC-3′; SOCS3a, 5′-TATCCAACTTGCTGTGGGTTATCAT-3′;
SOCS3b, 5′-TGTCAAGCCTACTATGCGTTACCAT-3′; Sox11a, 5′-
CCGTTGCCGTGCGTTGTCAGTCCAA-3′; Sox11b, 5′-CATGTTCAAACA-
CACTTTTCCCTCT-3′; KLF6a-atg (5′-CACATTGGTAGAACATCCATTG-
CAA-3′); and KLF7a-atg (5′-ACACGTCCATGTTGATGCTCACAAG-3′).
Morpholinos targeting splice junctions include KLF6a-sp 5′-GACAGAACT-
CAACGTACCTGTCACA-3′ and KLF7a-sp 5′-GTGCTTCTCTTACCTGT-
CGCAGTGG-3′. The standard control morpholino (C-MO) from Gene Tools
(Philomath, OR) was used as a control for non-specific effects. To verify the
efficacy and specificity of the SOCS3a, SOCS3b, Sox11a, or Sox11b
morpholino, pCS2-GFP-reporter plasmids were created which harbor each
morpholino target sequence in the 5′ untranslated region of the GFP transcript.
Each of these plasmids (30 ng/mL) was injected into 1-cell zebrafish embryos
with C-MO or the specific targeting morpholino (0.2 mM) along with 3000MW
rhodamine dextran (Molecular Probes) tomark successfully injected embryos. At
24 h post-fertilization, embryos were assayed for rhodamine and GFP
fluorescence. To verify the efficacy of the KLF6a and KLF7a splice targeting
morpholinos, one-cell stage embryos were injected with the morpholino
(0.2 mM) and allowed to develop until 24 h post-fertilization at which time
RNAwas isolated from control and treated embryos and RT-PCRwas performed
to detect mis-spliced mRNA.
Retinal explant assay
Explants were prepared usingmethodsmodified from those first developed in
goldfish (Johns et al., 1978; Landreth and Agranoff, 1976). Four days following
the initial nerve transection and morpholino treatment, fish were dark adapted for
N3 h to ease removal of the pigmented epithelium from the retina and then
euthanized by overdose of MS222 and retinas isolated. Retinas were cut into
0.5 mm squares with a razor blade and then digested with hyaluronidase (H3884,
Sigma; St. Louis, MO), 1 mg/mL in L15 media (Invitrogen; Carlsbad, CA), for
15 min at room temperature with gentle shaking. Explants were then rinsed 3
times with culture media and plated, one retina per well, in a 6-well plate
precoated with poly-L-lysine (100 μg/mL, Sigma; St. Louis, MO) and Laminin
(10 μg/mL, Sigma; St. Louis, MO). The culture media consisted of Leibovitz's
L15 (Invitrogen; Carlsbad, CA), 8% fetal calf serum (Hyclone; Logan, UT), 3%
zebrafish embryo extract prepared as described in The Zebrafish Book
(Westerfield, 2000), and 1× antibiotic/antimycotic (Invitrogen; Carlsbad, CA).
Five-hundred microliters of media was used per well to maximize explant
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incubator at 28.5 °C. Images of the explants were captured on a Leica DMIL
inverted microscope (Wetzlar, Germany) with an Optronics digital camera
(Goleta, CA) and Magnafire software (Optronics; Goleta, CA). Adherent
explants back-labeled with rhodamine dextran (N50% of RGCs) were quantified
for neurite density and length (Landreth and Agranoff, 1976). Density was
measured as the number of neurites N250 μm in length per explant. Lengths were
measured with ImageJ software (http://rsb.info.nih.gov/ij/index.html) using the
segmented line tool to determine the number of pixels from growth cone to the
edge of the explant and then converting the number of pixels to μm. Typically,
neurites grow in a dense cluster on one side of the explant. Length measurements
were made of neurites in this cluster. Total neurite outgrowth was measured by
calculating the “Nerve Growth Index” where density scores for each explant are
multiplied by the average length (Landreth and Agranoff, 1976). Density scores
of 0, 1, 2, 3, and 4 correspond to 0, 1–20, 20–40, 40–100, and N100 neurites/
explant, respectively. Length scores of 0, 1, 2, 3, and 4 correspond to 0–250,
250–500, 500–1000, 1000–1500, and N1500 μm, respectively. Nerve Growth
Index values were normalized to the C-MO (control morpholino) treatment
group.
Results
Gene expression profile of regenerating RGCs
LCMwas used to isolate RGCs from normal and optic nerve-
lesioned retinas. The RGC layer was targeted and removed,
leaving the optic fiber layer and inner plexiform layers mostly
intact (Fig. 1A). This method allows for highly purified samples
of RGC RNA to be isolated. There is, however, a small chanceFig. 1. Laser capture microdissection (LCM) of RGCs and linear amplification of RN
before RGC capture (top), with area to be captured highlighted in red (middle) and af
lines representing the distribution of sections taken for RGC harvesting. Dorsal (D), v
strand cDNA and amplified cDNA (a-cDNA) showing that α1 tubulin was induced
accurately reflected α1 tubulin induction. These samples were used to prepare probthat cells which project to the RGCs, such as biopolar and
amacrine cells, or cells that extend processes through the
ganglion cell layer, such as Muller glia, could be represented in
our results. We chose 3 days post-injury for harvesting RGCs
because this is a time when axons are robustly sprouting into and
through the injury site. Cells were harvested from tissue sections
distributed across the retina so as not to bias the samples towards
any specific region of the retina (Fig. 1B). This was done to
prevent genes expressed in dorsal/ventral or rostral/caudal
gradients from skewing the data. Isolated RNA was reverse-
transcribed and amplified as described in the materials and
methods. We confirmed that the amplification was linear and the
RAG inductions faithfully represented by comparing α1 tubulin
(α1T) levels (Hieber et al., 1992) in the reverse transcription and
amplified fractions of cDNA. As expected, α1T was induced
∼7- to 10-fold in each sample (Fig. 1C). The close similarity in
values for each fish using pre- or post-amplification template is
consistent with our view that the amplification process did not
introduce detectable bias.
The Affymetrix zebrafish GeneChip microarray contains
∼14,900 probes for gene expression. Microarray analysis using
stringent statistical parameters identified 347 up-regulated genes
and 29 down-regulated genes (Complete microarray data in
Supplementary Table 1). Table 1 lists the genes up-regulated
greater than 6-fold. Out of the 36 most highly induced genes 20
had previously been identified in mammalian peripheral nerveA isolated from these cells. (A) Images of a cresyl violet stained retinal section
ter RGC capture (bottom) LCM. (B) Schematic lateral view of the fish eye with
entral (V), rostral (R), and caudal (C). (C) Quantitative RT-PCR results from 1st
as expected in optic nerve-lesioned RGCs and that amplification was linear and
es for the microarray hybridization.
Table 1
Highly induced RGC genes following optic nerve injury
Name/function Accession
number
Fold
change
p value Previously reported in nerve injury model
Plasticin U89709 30.86 0.02 RGCs, zebrafish (Asch et al., 1998); SMNs,
rat (Troy et al., 1990)
Beta-thymosin AF006831 29.82 0.00 RGCs, zebrafish (Roth et al., 1999)
ATF3 BC045371 20.94 0.00 RGCs, rat (Takeda et al., 2000); DRGs,
rat (Tsujino et al., 2000)
RAD AW116003 20.61 0.04
Tubulin, beta 5 AF528096 20.5 0.00
Growth-associated protein 43 NM_131341 19.17 0.00 RGCs, zebrafish (Bormann et al., 1998); RGCs,
rat (Doster et al., 1991)
Plasticin U89709 18.86 0.02 RGCs, zebrafish (Asch et al., 1998); SMNs,
rat (Troy et al., 1990)
SOCS3a BC049326 14.05 0.00 RGCs, rat (Fischer et al., 2004a,b)
Ferritin medium chain BI708028 12.43 0.02 RGCs, rat (Dieterich et al., 2002)
Core promoter element binding
protein (KLF6a)
BC048893 11.89 0.01
Thioredoxin BI864002 11.78 0.01 MNs, rat (Mansur et al., 1998)
Tubulin, alpha 1 AF029250 11.3 0.00 RGCs, zebrafish (Hieber et al., 1998);
MNs, rat (Miller et al., 1989)
Tubulin, alpha 1 AF029250 11.03 0.00 RGCs, zebrafish (Hieber et al., 1998);
MNs, rat (Miller et al., 1989)
Ferritin AW232676 10.92 0.02 RGCs, rat (Dieterich et al., 2002)
Transmembrane protein 49 BI877516 10.89 0.00
SOCS3b CD283300 9.51 0.01 RGCs, rat (Fischer et al., 2004a,b)
Sox11b NM_131337 9.42 0.01 DRGs, mouse (Tanabe et al., 2003)
Transferrin receptor BG727211 8.29 0.01 MNs, rat (Graeber et al., 1989)
Sox11a NM_131336 8.19 0.01 DRGs, mouse (Tanabe et al., 2003)
c-Jun BE605692 8.19 0.01 RGCs, goldfish/rat (Herdegen et al., 1993)
Gadd45, beta BE016131 8.16 0.00
Ring finger and KH domain
containing 3
AL717746 8.08 0.00
UDP-N-acetylglucosamine
pyrophosphorylase 1
BC044137 8.07 0.01
ATF5/x AW232151 7.82 0.01
HN1 BG306064 7.81 0.00 MNs, mouse (Zujovic et al., 2005)
Collagen XV alpha 1 chain BM532441 7.42 0.02
MARCKS BQ078442 7.23 0.00 MNs, rat (McNamara et al., 2000)
Ferritin BM141472 7.14 0.00 RGCs, rat (Dieterich et al., 2002)
PRTD-NY3/bgr/lipidosin AW281664 7.05 0.00
Plasticity related gene 2 AI667071 6.92 0.01 Hippocampus, mouse (Brauer et al., 2003)
Spermidine/spermine
N1-acetyltransferase
BQ074826 6.65 0.00
Short chain dehydrogenase
reductase
AW019030 6.53 0.02
MARCKS AL730317 6.27 0.00 MNs, rat (McNamara et al., 2000)
Gelsolin AI957603 6.22 0.01 RGCs, zebrafish (Roth et al., 1999)
Proteasome activator subunit 1 NM_131375 6.15 0.03
2′ 3′ cyclic nucleotide 3′
phosphodiesterase
AI882799 6.12 0.01 RGCs, goldfish (Ballestero et al., 1995)
RNA terminal phosphate
cyclase domain 1
BC046087 6.08 0.00
600 M.B. Veldman et al. / Developmental Biology 312 (2007) 596–612injury models and 9 in fish CNS injury models (Table 1). This
highlights the similarity between fish and mammals in terms of
gene expression during nerve regeneration. It also suggests the
zebrafish regeneration model will help identify mechanisms of
nerve regeneration conserved between fish and mammals.
Fourteen highly induced genes are being reported for the first
time in a nerve regeneration model. Of the 29 down-regulated
genes only 2, bHLHB2 and Ca2+ transporting ATPase, have
previously been reported (Table 2) (Kabos et al., 2002;Tachibana et al., 2002). Our ability to identify so many
additional genes down-regulated during nerve regeneration is
likely due to the sensitivity achieved by isolating the cell bodies
of regenerating neurons from other cell types. In other
regeneration microarray screens, entire DRGs were collected
for analysis including glia, infiltrating immune cells, and other
support cells. Gene expression in these cells could easily mask
any decreased expression in DRG neurons that are regenerating
damaged axons.
Table 2
RGC genes reduced following optic nerve injury
Name/function Accession number Fold change p value Previously reported in nerve injury model
Glycogen phosphorylase BI428149 −6.25 0.02
Hepatic leukemia factor BI670982 −4.71 0.01
Class B basic helix–loop–helix
protein 2 (bHLHB2)
BG306348 −4.17 0.01 DRG, rat (Kabos et al., 2002)
Ca2+-transporting ATPase BI533408 −3.97 0.01 SCI, rat (Tachibana et al., 2002)
Synapsin IIb BI879720 −3.79 0.00
Synaptophysin BI428090 −3.77 0.01
Cam kinase II delta BM024812 −3.75 0.00
Heparan sulfate 6-sulfotransferase BQ075083 −3.58 0.01
BCL2-like 13 CD606583 −3.1 0.01
AKAP BM072363 −3.02 0.00
SNF-related kinase BM186244 −2.89 0.01
Protocadherin 10b AB086625.1 −2.87 0.00
Unknown BG308888 −2.86 0.00
Unknown BI863881 −2.77 0.00
Dual specificity phosphatase 6 BG884578 −2.76 0.02
NMDA receptor 1 BI880705 −2.7 0.01
Unknown BI982963 −2.62 0.00
Dynamin I BI671368 −2.58 0.01
BCL2-like 13 BM036473 −2.49 0.01
Synaptobrevin 2 BI709076 −2.46 0.01
Splicing factor, arginine/serine-rich 4 BI670979 −2.46 0.02
Annexin A4 AW117084 −2.45 0.01
Calmodulin 2 AW281818 −2.44 0.01
UDP-Gal:betaGlcNAc beta
1,3-galactosyltransferase, polypeptide 2
BG306476 −2.42 0.02
Synaptophysin BI670974 −2.27 0.01
Amyloid beta (A4) precursor-like protein 2 AW777864 −2.15 0.00
NICE-5 BG306414 −2.03 0.00
Unknown AA495160 −2.01 0.01
Splicing factor arginine/serine-rich 5 BM024216 −1.94 0.00
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Nineteen genes were selected for further analysis. These
genes were chosen either because they are involved in Rho
signal transduction (RhoA, RhoAL, RhoGDIα, Rac1, Rad,
Pak1, and rtn4), a pathway known to inhibit regeneration in
mammals (Ellezam et al., 2002), or because they are transcrip-
tion factors that regulate a larger set of genes (KLF6a, KLF7a,
Sox11a, Sox11b, ILF2, ATF4/CREB2, CREB3L3, CREM/
ICER, ATF5x, cJun, and bHLHB2). Tubb5 was chosen for its
high level of induction and its probable role in axonal
microtubule synthesis along with the well known α1T (Hieber
et al., 1992; Hieber et al., 1998). SOCS3a and SOCS3b were
further assayed because of their link to JAK-STAT signaling
(Kile and Alexander, 2001), their previously reported induction
during optic nerve regeneration in mammals (Fischer et al.,
2004a), and a surprising report that they inhibit neurite
outgrowth when overexpressed (Miao et al., 2006).
To validate themicroarray data, quantitative RT-PCR for each
gene was performed on either whole retina RNA from optic
nerve injured or control eyes (n=3) or in the case where these
results were inconclusive we used RNA from purified RGCs. It
was necessary to use RNA from purified RGCs when expression
of the gene in other retina cell types obscured RGC-specific
changes. Seventeen up-regulated genes and one down-regulatedgene were verified using this method (Table 3). In general, we
found that gene expression changes detected by microarrays
were similar to those detected using quantitative real-time RT-
PCR; however, some of the highly induced genes detected on
microarrays such as Rad, Tubb5, and c-Jun showed even higher
induction when evaluated by quantitative RT-PCR. This is
apparently due to sensitivity differences at the upper and/or
lower ranges between microarray hybridization versus the
quantitative RT-PCR method.
To further validate our microarray results, in situ hybridiza-
tion was performed on 3-day post-optic nerve injury and
matched control retinas using probes for 14 of the microarray
identified genes. Sense control probes for all genes tested gave
no detectable signal (data not shown). Of the up-regulated genes
tested, all displayed elevated signal in the retinal ganglion cell
layer of the 3-day post-optic nerve crush retina (Figs. 2 and 3).
Two of the most highly induced genes on the array, Tubb5 and
Sox11b, gave the strongest hybridization signal. Changes as
small as ∼3-fold by microarray or quantitative RT-PCR, see
RhoGDIα and CREB3L3, were detectable by in situ hybridiza-
tion (Figs. 2H and Q). bHLHB2, the only down-regulated gene
tested by in situ hybridization, has a clearly weaker signal in the
GCL of the post-crush retina (Fig. 2W). All genes chosen for
validation studies gave results consistent with the microarray
data demonstrating sensitivity and repeatability.
Table 3
Quantitative RT-PCR validation of selected genes identified by microarray
Gene Affy probe set Microarray
fold change
p value Real-time RT-PCR
fold change
(±)SEM
RADa Dr.23975.1.A1_at 20.61 0.039 77.20 47
tubb5 Dr.4416.1.A1_at 20.50 0.000 48.40 8.2
SOCS3a Dr.6431.1.S1_at 14.05 0.003 4.20 1.5
SOCS3b Dr.9617.1.A1_at 9.51 0.012 3.65 1.1
Sox11b Dr.5112.1.S2_at 9.42 0.006 11.04 4.1
Sox11a Dr.4763.1.S2_at 8.19 0.005 3.58 1.42
cJun Dr.7608.1.A1_at 8.19 0.006 20.00 11.6
ATF5/x Dr.22517.1.S1_at 7.82 0.006 3.44 0.4
CREM/ICER Dr.17619.1.A1_at 5.53 0.005 53.00 19
CREB3L3a Dr.6769.1.A1_at 3.63 0.007 2.76 0.44
RhoGDIα Dr.1304.1.S1_at 3.40 0.004 2.97 0.4
rtn4a Dr.24718.1.A1_at 2.83 0.010 10.67 2.08
ATF4/CREB2a Dr.5706.1.S1_at 2.78 0.002 10.78 2.32
Pak1a Dr.7629.1.S1_at 2.75 0.026 5.60 2.03
ILF2 Dr.4404.1.A1_at 2.42 0.016 2.01 0.21
RhoAL Dr.5516.1.A1_at 2.19 0.006 1.96 0.19
RhoA Dr.8584.1.S1_at 2.05 0.005 1.86 0.08
bHLHB2a Dr.3180.1.A1_at −4.17 0.012 −7.69 2.17
a Amplified RNA from isolated RGCs used as RT-PCR template.
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Although analysis of gene expression during optic nerve
regeneration suggests that regeneration recapitulates develop-Fig. 2. In situ hybridization verification of microarray results and comparison with ex
RhoGDIα (G–I), Rad (J–L), Rac1 (M–O), Creb3l3 (P–R), Crem/Icer (S–U), and bH
post-optic nerve crush and 48 hpf retinal sections. Note that mRNA levels are elev
Creb3l3, and Crem/Icer probed sections following nerve crush injury. bHLHB2 is dec
RhoGDIα, and Creb3l3 are all expressed in the GCL at 48 hpf (arrows in panels C, F,
Rac1 and bHLHB2 are expressed weakly but uniformly in the retina at 48 hpf (O anment there are also reports of genes that are uniquely induced
during regeneration (Tanabe et al., 2003). To identify regenera-
tion-specific genes, we examined a set of 14 regeneration-
associated genes for expression in differentiating RGCs of 2-pression in the developing retina (part I). mRNA for Tubb5 (A–C), Pak1 (D–F),
LHB2 (V–X) was detected by in situ hybridization in uninjured control, 3-day
ated in the ganglion cell layer (GCL) of Tubb5, Pak1, RhoGDIα, Rad, Rac1,
reased in the GCL following nerve crush injury. Developmentally, Tubb5, Pak1,
I, and R). Rad and Crem/Icer are not expressed in the retina at 48 hpf (L and U).
d X). Sense probes for all genes tested gave no specific signal (data not shown).
Fig. 3. In situ hybridization verification of microarray results and comparison
with expression in the developing retina (part II). mRNA for SOCS3a (A–C),
SOCS3b (D–F), Sox11a (G–I), Sox11b (J–L), KLF6a (M–O), and KLF7a
(P–R) was detected by in situ hybridization in uninjured control, 3-day post-
optic nerve crush and 48 hpf retinal sections. Expression of all six genes is
elevated in the ganglion cell layer (GCL) following optic nerve crush injury as
compared to control. Developmentally, Sox11a, Sox11b, and KLF7a are
expressed in the GCL at 48 hpf while SOCS3a, SOCS3b, and KLF6a are not
(arrows in panels C, F, I, L, O, and R). Sense probes for all genes tested gave no
specific signal (data not shown).
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DIα, CREB3L3, and KLF7a were specifically expressed in
developing RGCs (Figs. 2C, F, I, and R; Fig. 3R), while Sox11a
and Sox11b were expressed in developing RGCs as well as in
other retinal cell types (Figs. 3I and L). Rac1 and bHLHB2 were
expressed at very low levels ubiquitously throughout the eye
including the RGCs (Figs. 3O and X). Interestingly, Rad,
CREM/ICER, SOCS3a, SOCS3b, and KLF6a were not de-
tectably expressed in the developing eye and appear to represent
regeneration-specific gene inductions (Figs. 2L and U; Figs. 3C,F, and O). Therefore, successful regeneration appears to re-
activate developmental programs of gene expression along with
the induction of regeneration-specific genes.
Gene ontological analysis of genes regulated during optic
nerve regeneration
To cast a wider net on the classes of genes changing ex-
pression in regenerating RGCs the statistical requirements for a
significant change were relaxed to include all data with ≥1.5-
fold increase or ≤1/1.5-fold decrease and p≤0.05. Using these
standards, GeneSifter software identified 1545 regulated genes
with 650 being up-regulated and 895 down-regulated. These
genes were grouped according to biological process, molecular
function, and cellular component (Table 4). The largest group of
genes representing biological processes is the protein metabo-
lism/biosynthesis group. Similarly, ribosome and ribonucleo-
protein complex constituents are highly represented in the
molecular function and cellular component groups (Table 4).
This is not surprising given that one of the hallmarks of recently
injured neurons is cellular hypertrophy and increased protein
synthesis (Lieberman, 1971). Parallel to the change in protein
synthesis is a change in protein degradation pathways: ubiquitin
catabolic process, endopeptidase, and proteosome core complex
(Table 4). Another group highly changed in regenerating RGCs
is the cytoskeleton. It has been well established that many
cytoskeletal proteins are induced in regenerating neurons
(Fournier and McKerracher, 1995; Giulian et al., 1980). These
ontology groupings highlight the general increase in cellular
metabolism occurring during axon regeneration and confirm
previous findings.
To gain further insight into the processes occurring in re-
generating RGCs, gene ontology groups were analyzed
according to over-representation of up-regulated or down-
regulated genes within each group (Fig. 4). The groups highly
over-represented in up-regulated genes include cytoskeleton,
protein synthesis, protein degradation, and translation. Surpris-
ingly, over-represented down-regulated groups include devel-
opment, ion transport, cellular differentiation, ion channel
activity, nervous system development, and cell fate commit-
ment. These groupings suggest that regenerating neurons may
be reverting from a mature differentiated state to one
characterized by genes more commonly expressed during earlier
stages of neural differentiation when rapid axon elongation is
occurring.
Examination of SOCS3a, SOCS3b, Sox11a, Sox11b, KLF6a,
and KLF7a expression and function during nerve regeneration
Although microarrays can facilitate the identification of
genes regulated during optic nerve regeneration, they do not
inform us of the significance of this regulation. Therefore we
chose a small sub-set of these regulated genes (SOCS3a,
SOCS3b, Sox11a, Sox11b, KLF6a, and KLF7a) to investigate in
more detail. We chose these genes for further analysis because
they had been implicated in regeneration in other studies:
SOCS3 functions as a feedback inhibitor of the JAK-STAT
Table 4
Differentially expressed genes by ontology category
Biological process Molecular function Cellular component
Ontology Total genes Ontology Total genes Ontology Total genes
Metabolism 199 Ion binding 64 Organelle 151
Protein metabolism 129 Structural constituent of ribosome 51 Cytoplasm 106
Protein biosynthesis 73 GTP binding 26 Ribonucleoprotein complex 62
Translation 71 Ion channel activity 16 Cytoskeleton 22
Development 48 Endopeptidase 12 Proteosome core complex 12
Ion transport 47 Translation 12 Actin cytoskeleton 6
Cell differentiation 20 Cytoskeletal protein binding 11
Nervous system development 17 Actin binding 8
Cytoskeleton organization and transport 15
Ubiquitin catabolic process 14
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following optic nerve injury (Fischer et al., 2004a); Sox11 is
an HMG-box transcription factor that is involved in neuronal
differentiation and is induced following peripheral nerve injury
(Bergsland et al., 2006; Tanabe et al., 2003); and KLF6 and
KLF7 are members of the Sp/KLF zinc finger transcription
factor family (Suske et al., 2005) and appear to participate in cell
cycle exit and differentiation (Laub et al., 2001; Laub et al.,
2005; Matsumoto et al., 2006; Narla et al., 2001). In addition,
KLF6 and KLF7 regulate α1T promoter activity (unpublished
observation, MBVand DG) which is induced during optic nerve
regeneration in zebrafish (Goldman et al., 2001; Senut et al.,
2004). Finally, these genes represent developmentally regulated
(Sox11a, Sox11b, and KLF7a) and regeneration-specific genes
(SOCS3a, SOCS3b, and KLF6a).Fig. 4. Gene ontological analysis of changes in gene expression in RGCs during op
selected ontological group. Ontological groups were chosen according to whether e
Over-represented up-regulated groups, represented by the red bars, include protein sy
regulated groups, represented by the green bars, include ion regulation, cell differenTime course of expression
Quantitative RT-PCR was used to measure the temporal
expression pattern of these genes following optic nerve lesion
(Fig. 5). At 6 and 12 h post-injury, no significant changes in gene
expression were noted. However, at 1-day post-injury (dpi) all
six genes were significantly induced and all six genes returned to
basal uninjured levels by 24 dpi. SOCS3a, SOCS3b, Sox11a,
and KLF6a reached their maximal induction around 2 dpi, while
Sox11b exhibited maximal expression 3 dpi and KLF7a reached
maximal expression at 6 dpi. Although the maximal induction of
each gene was at slightly different time points, the elevated
expression of all six of these genes correlates with the period of
axon regeneration when axons are actively growing but prior to
functional recovery (Bernhardt et al., 1996; McDowell et al.,
2004).tic nerve regeneration. Percentage of genes differentially regulated within each
ach gene class was over-represented in up-regulated or down-regulated genes.
nthesis and degradation and cytoskeletal-related groups. Over-represented down-
tiation, and cell fate commitment.
Fig. 5. Quantitative RT-PCR time course of gene expression in the retina following optic nerve crush injury. Quantitative real-time RT-PCR was used to measure
mRNA levels in the retina at various time points following optic nerve crush injury as compared to uninjured retina. Expression of GAPDH was used to normalize all
samples. SOCS3a (A), SOCS3b (B), Sox11a (C), Sox11b (D), KLF6a (E), and KLF7a (F) are all induced by 1-day post-injury (dpi), peak around 2–6 dpi and return to
basal levels by 12–24 dpi. The dotted line denotes basal uninjured levels in each graph.
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We combined in vivo morpholino-modified antisense
oligonucleotide-mediated RGC gene expression knockdown
(Becker et al., 2004) with retinal explants (Johns et al., 1978;
Landreth and Agranoff, 1979) to quantitatively assess the role of
the selected genes in optic axon outgrowth. For these
experiments the optic nerve was lesioned and a small piece of
Gelfoam impregnated with morpholino and rhodamine dextran
was applied to the optic nerve stump. Four days later, retinas
were harvested, diced, and explanted to culture dishes and
allowed to grow for 4 days prior to analysis.
To evaluate the efficiency of this gene knockdown method, a
morpholino targeting the 5′-UTR of EGFP was applied, along
with rhodamine dextran, to the transected optic nerve stump in
α1T-GFP transgenic fish. In these fish, the GFP transgene is
highly induced in RGCs following optic nerve injury (Goldman
et al., 2001; Senut et al., 2004). Six days post-treatment retinas
were flat-mounted and imaged for rhodamine and GFP signals
using a confocal microscope. Clear GFP knockdown was seen in
the majority of RGCs as compared to RGCs receiving control
morpholino and rhodamine dextran (Supplementary Fig. 1).
Also the few strongly positive GFP cells in the GFP-targeted
morpholino-treated retina were never rhodamine dextran
positive indicating they did not receive the morpholino. These
data show that our method of delivering morpholinos to the
RGCs is effective and efficient.
We next wanted to confirm our SOCS3, Sox11, and KLF
gene-targeted morpholinos were functional. Since antibodies tothe proteins are not available, we had to use other strategies for
confirming morpholino-mediated knockdown. Morpholinos can
knock down gene expression by targeting sequences near the
initiator AUG and block translation or by targeting splice
junctions of intron-containing genes to cause mis-splicing.
Because Sox11 does not contain an intron and because the splice
site sequence of the single intron in the SOCS3a gene is shared
with another gene (arrestin 3 like, unpublished observationM.B.
V. and D.G.) we were restricted to using morpholinos targeting
the AUG region of these genes. To verify the effectiveness of
these morpholinos, we generated a GFP reporter plasmid that
harbored the specific morpholino target sequence fused to the
GFP open reading frame. These plasmids along with control or
experimental morpholinos were injected into single cell
zebrafish embryos and GFP expression assayed (Supplementary
Fig. 2A–G). Co-injection of each reporter plasmid with control
morpholino resulted in robust GFP expression while injection of
each reporter plasmid with its cognate targeting morpholino
caused a large decrease in the percentage of GFP+ embryos. We
also designed morpholinos targeting the intron/exon splice
junction at exon three of KLF6a and KLF7a which should result
in an RNA transcript that is lacking the critical zinc finger DNA
binding domain encoded in this exon. This was verified by
injecting morpholinos into single cell zebrafish embryos and
harvesting RNA 24 h later for RT-PCR. This analysis showed
that the KLF6a-targeted morpholino blocked splicing by about
50% while the KLF7a morpholino almost completely prevented
splicing (Supplementary Fig. 2H).
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axon regeneration in retinal explants. Retinal explants prepared
from untreated or control morpholino-treated retinas display
robust axon outgrowth after 4 days in culture (Figs. 6 and 7).
Surprisingly, explants from retinas with RGC-specific knock-
down of SOCS3a and SOCS3b or Sox11a and Sox11b had no
significant effect on axon growth (Fig. 6). Similarly, knockdown
of KLF6a or KLF7a individually had no effect on axon growth
(Fig. 7D). However, knockdown of KLF6a and KLF7a together,
using either start site targeting (Fig. 7B) or splice targeting
morpholinos (Fig. 7C), resulted in a dramatic decrease in axon
growth (Fig. 7). The use of two different morpholinos targeting
different KLF6a and KLF7a sequences and acting via different
mechanisms (blocking translational initiation with ATG targeted
morpholino and inducing mis-splicing using splice site target
morpholino) ensures specificity of the response. The reduced
regeneration of RGC axons following KLF6a and KLF7a
knockdown is reflected in both axon length and axon density
(Fig. 7) which is incorporated into the Nerve Growth Index (Fig.
7D). Cleaved caspase-3 immunostaining of retinas treated with
KLF6a and KLF7a morpholinos for 6 days indicated no increase
in programmed cell death due to knockdown of these proteinsFig. 6. Knockdown of SOCS3a and SOCS3b or Sox11a and Sox11b has no e
oligonucleotides were delivered to RGCs in vivo via the sectioned optic nerve. Four
prior to analysis. Shown are representative images of axon outgrowth. Control morp
and Sox11a and Sox11b atg-targeting morpholino-treated explants (C) exhibit robust a
the indicated treatment groups: (−), no treatment (n=23); C-MO, control morpholi
morpholino (n=68). Nerve Growth Index as determined by Landreth and Agranoff (1
were normalized to C-MO group that was defined as 100%. Error bars represent SE(data not shown). These results suggest that KLF6a and KLF7a
are able to compensate for each others loss and knockdown of
both is necessary to reveal their role in axon growth.
Discussion
Although it is well accepted that changes in gene expression
are necessary for successful nerve regeneration (Plunet et al.,
2002; Smith and Skene, 1997; Watson, 1974), the specific genes
driving the regeneration process have not been fully identified.
To identify genes that are regulated during optic nerve
regeneration, we compared the gene expression profiles of
uninjured and optic nerve injured RGCs isolated from zebrafish
retina. GO analysis suggest that regenerating RGCs have exited
the fully differentiated state which is accompanied by the
increased expression of genes associated with metabolic path-
ways and the early differentiation process. Expression of RAGs
during RGC development supports this finding. However,
regeneration-specific genes were also identified.
We selected several genes for validation studies based upon
previously reported roles in nerve regeneration (Rho signaling
pathway) or potential roles in coordinating the transcriptionalffect on axon outgrowth in retinal explants. Morpholino-modified antisense
days later, retinas were isolated, diced, and placed in explant culture for 4 days
holino-treated (A), SOCS3a and SOCS3b atg-targeting morpholino-treated (B),
xon outgrowth after 4 days in culture. (D) Nerve Growth Index for explants from
no (n=34); 3a/b, SOCS3a/b-atg morpholino (n=21); and 11a/b, Sox11a/b-atg
979) takes into account both axon length and density. Nerve Growth Index values
M.
Fig. 7. Knockdown of KLF6a and KLF7a together but not independently attenuates axon outgrowth from regenerating retinal explants. Morpholino-modified
antisense oligonucleotides were delivered to RGCs in vivo via the sectioned optic nerve. Four days later, retinas were isolated, diced, and placed in explant culture for
4 days prior to analysis. Shown are representative images of axon outgrowth. Control morpholino-treated explants exhibit robust axon outgrowth (A) while explants
treated with morpholinos targeting either the start codon of both KLF6a and KLF7a (B) or the splice junction of exon 5 of both KLF6a and KLF7a (C) exhibit shorter
and fewer axons. (D) Nerve Growth Index for untreated explants (−), explants treated with individual morpholinos (C-MO, control morpholino; 6a, KLF6a-atg; or 7a,
KLF7a-atg) or combined treatment to knockdown both KLF6a and KLF7a (6/7atg, KLF6a-atg+KLF7a-atg or 6/7sp, KLF6a-sp+KLF7a-sp). Combined knockdown
of KLF6a and KLF7a significantly decreases axon outgrowth compared to control or single morpholino-treated explants. *pb0.01, ANOVAwith Bonferroni post-hoc
test. Nerve Growth Index values were normalized to C-MO group that was defined as 100%. Error bars represent SEM.
607M.B. Veldman et al. / Developmental Biology 312 (2007) 596–612events underlying regeneration (transcription factors). As
predicted from gene expression profiling, in situ hybridization
and real-time quantitative RT-PCR showed that these genes are
expressed in RGCs and regulated by optic nerve injury. In
general they were induced or suppressed within 24 h following
optic nerve crush and returned to basal levels by 3 wks post-
injury. Most important and interesting is our finding that
knocking down the expression of KLF6a and KLF7a dramati-
cally reduced RGC axon outgrowth while knockdown of
SOCS3a and 3b or Sox11a and 11b had little effect.
Rho signaling pathway genes
The balance of Rho and Rac signaling at the growth cone of
regenerating axons has been proposed to mediate the choice
between outgrowth or retraction (McKerracher and Higuchi,
2006). The Rho pathway is a well-established mediator of
growth cone collapse and retraction while the Rac pathway
supports axon growth (Dickson, 2001; Luo et al., 1997). The
expression of multiple genes in these pathways was changed in
RGCs following optic axon injury. RhoA and its putativezebrafish duplicate RhoA-like (RhoAL) were both induced ∼2-
fold. Induction of these genes may seem counterintuitive in cells
regenerating an axon; however, Rho proteins are important
regulators of axon guidance and thus must be present for
successful regeneration (Ng and Luo, 2004). Similarly, Rac1
was induced as detected by in situ hybridization and it too is
critical for axon guidance and outgrowth (Lundquist, 2003). The
induction of three other negative regulators of Rho signaling was
confirmed in our analysis: (1) RhoGDIα is a direct inhibitor of
Rho activation by preventingmembrane association andGTPase
activity, effectively sequestering activated Rho (Dovas and
Couchman, 2005); (2) Ras-associated with diabetes (Rad) is a
small G-protein in the same family as Rho and Rac and has the
potential to interact with Rho kinase and block its activation by
Rho thereby stabilizing the cytoskeleton and enhancing axon
outgrowth (Ward et al., 2002); (3) Pak1 is a downstream effecter
of Rac signaling which can stimulate axon outgrowth through
activation of cytoskeleton stabilizing proteins and inhibition of
Rho signaling (Daniels et al., 1998; Dickson, 2001; Rosenfeldt
et al., 2006). The induction of these genes may tip the balance of
Rho-Rac signaling in favor of axon outgrowth.
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myelin based regeneration inhibitor Nogo (Schwab, 2004), is
induced in regenerating zebrafish RGCs. Rtn4 inhibits axon
outgrowth in mammals by interacting with its receptor complex
and activating Rho signaling in axons (Yamashita et al., 2005).
The fish rtn4 gene is missing one of the neurite outgrowth
inhibitory domains and fish myelin is, in fact, less inhibitory to
axon growth than mammalian myelin (Bastmeyer et al., 1991;
Diekmann et al., 2005;Wanner et al., 1995). This, however, does
not explain its induction in regenerating neurons. A recent report
found Nogo receptors on immune cells mediate cell migration
out of regenerating peripheral nerves in mammals (Fry et al.,
2007). It is possible that rtn4 in regenerating fish axons also acts
as a signal for immune cells to exit the regenerating nerve.
Transcription factor genes
Since transcriptional changes are required for nerve
regeneration, we decided to analyze several of the transcription
factors identified in our microarray screen. The c-Jun gene has
been previously reported to be induced in both regenerating
mammalian peripheral nerves (Haas et al., 1993) and regenerat-
ing goldfish RGCs (Herdegen et al., 1993). Here we verify that
the zebrafish c-Jun homolog is similarly induced. Interleukin
enhancer binding factor 2 (ILF2), also known as NF45, has been
proposed to play a role in transcription, splicing, and RNA
stability (Zhao et al., 2005). Although, we have identified it as
up-regulated in regenerating RGCs, its role in these cells
remains unknown.
The largest class of transcription factors detected in our
analysis is the CREB/ATF family. CREB/ATF transcription
factors are bZIP dimerization domain proteins which can homo-
or heterodimerize with its own family members or with other
bZIP proteins such as c-Jun (Lonze and Ginty, 2002).
Interestingly, stimulation of CREB activity in mammalian
DRGs enhances their ability to regenerate into the spinal cord
(Gao et al., 2004). All CREB/ATF genes detected in our
microarray analysis were up-regulated. CREB3 like-3
(CREB3L3) has been found to mediate an acute inflammatory
response in injured hepatocytes (Zhang et al., 2006) and may be
regulating a similar process in injured neurons. ATF5/x has anti-
apoptotic activity (Persengiev et al., 2002) and may serve a
similar function in RGCs following optic nerve injury. ATF4/
CREB2 is involved in synaptic plasticity in Aplysia (Bartsch et
al., 1995) and mice (Chen et al., 2003) and therefore may
regulate process outgrowth during optic nerve regeneration. The
final CREB/ATF member identified in this report is CREM/
ICER. CREM/ICER is a single gene with several splice variants
and two reported promoters (Mioduszewska et al., 2003).
Although we did not test for the specific isoform(s) being
induced it is likely to be the CREB antagonist ICER. ICER is
induced by CREB signaling and acts as a feedback inhibitor; it
dimerizes with CREB/ATF family members but has no
transactivation domain (Molina et al., 1993). So it is not
surprising that this gene is induced in regenerating RGCs given
the large number of CREB/ATF proteins up-regulated. The large
number of CREB/ATF family proteins induced in regeneratingRGCs suggests a complex network of protein–protein interac-
tions and target gene regulation by these transcription factors.
bHLHB2 is the only down-regulated gene we have examined.
Functionally, bHLHB2 is an inhibitory member of bHLH family
of E-box binding proteins (Yamada and Miyamoto, 2005).
bHLHB2 was previously reported to be down-regulated
following nerve injury in mammals and a de-repression
mechanism of E-box activation proposed (Kabos et al., 2002).
Interestingly, our lab has identified a regulatory element in the
α1T promoter which contains an E-box and is necessary for
regeneration-associated expression (Senut et al., 2004). There-
fore, the proposed function of mammalian bHLHB2 in
regenerating neurons may be conserved in fish and should be
addressed in the future.
GO analysis
Analysis of the ontological categories of genes differentially
regulated during optic nerve regeneration gives us a general
view of the physiological processes involved. This analysis is
somewhat limited by the partial annotation, approximately
12,000 of the 15,000 probes, of the Affymetrix GeneChip
zebrafish microarray. Also, this microarray does not cover the
entire zebrafish genome, which is estimated to be comprised of
25,000 genes (Ensembl genome build version Zv6, http://www.
ensembl.org/Danio_rerio/index.html). Given these caveats,
some conclusions can still be made from analysis of the
12,000 available annotated probes. As mentioned before,
increased protein synthesis is a common feature of regenerating
neurons (Lieberman, 1971) and induction of components of the
protein synthesis machinery is not surprising; 42 ribosomal
protein genes were up-regulated. Induction of cytoskeletal genes
during nerve regeneration is also well described (Bisby and
Tetzlaff, 1992), and 8 tubulin isoforms were up-regulated.
Within the down-regulated groups, several are related to
terminal cellular differentiation and ion transport. Representa-
tive genes from this group include ion channels (glycine receptor
α1, potassium channel 12.1, and calcium channel L-type α1C
subunit), synaptic proteins (synapsin, synaptophysin IIb, and
synaptobrevin 2), and enzymes (acetylcholinesterase, dual
specificity phosphatase 6, and CAM kinase II delta). The
down-regulation of these “late differentiation” genes and the
large number of regeneration-induced genes that are expressed
during early stages of neural development and differentiation
(see below) suggests that regenerating RGCs have repressed
some mature neuronal characteristics and activated those
developmental genes necessary for axon elongation.
Some RAGs are regeneration specific
Of the fourteen RAGs that we tested for expression in deve-
loping RGCs, nine (tubb5, Pak1, RhoGDIα, Sox11a, Sox11b,
Creb3l3, Rac1, bHLHB2, and KLF7a) were expressed and five
(Rad, CREM/ICER, SOCS3a, SOCS3b, and KLF6a) were not.
The developmental expression of regeneration-associated genes
is well documented (Skene, 1989). Functionally these genes are
likely to be general axon outgrowth regulators and structural
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are involved in the injury response which is not present during
development (Vogelaar et al., 2003). These genes may be
components of cytokine signaling pathways, a common injury
response pathway. Rad expression has been directly linked to
cytokine signaling in vascular smooth muscle cells where it is
stimulated by tumor necrosis factor-α (Fu et al., 2005). Tumor
necrosis factor-α is induced in injured nerves and may be the
signal for Rad induction (Murphy et al., 1995; Ohtori et al.,
2004; Schafers et al., 2003). In macrophages ICER can be
induced by the cytokine IFN-γ (Mead et al., 2003). And IFN-γ is
induced in regenerating peripheral nerves (Taskinen et al.,
2000). The primary function of SOCS3 is direct feedback
inhibition of cytokine signaling (Starr et al., 1997). KLF6 has
been shown to positively regulate the expression of transforming
growth factor β and two of its receptors in hepatic stelate cells
(Kim et al., 1998). These signals have not been studied in the
zebrafish regeneration model but they should be addressed in the
future.
SOCS3a/SOCS3b or Sox11a/Sox11b knockdown has no effect
on axon outgrowth from retina explants
To establish a role for up-regulation of SOCS3a/SOCS3b and
Sox11a/Sox11b during axon regeneration, we knocked them
down in vivo using morpholino-modified antisense oligonucleo-
tides and then assayed axon regeneration in retinal explants. In
both cases, no effect on axon outgrowth was found. We are
confident the morpholinos were effective since they efficiently
inhibit expression from target sequence-GFP-reporter plasmids
in embryos (Supplementary Fig. 2).
SOCS3 proteins are negative feedback regulators of the JAK-
STAT signaling cascade. In peripheral nerve regeneration, JAK-
STAT signaling is critical for switching neurons to an axon
elongation state (Liu and Snider, 2001; Qiu et al., 2005). And
overexpression of SOCS3 in primary neuronal cultures inhibit
axon outgrowth by blocking STAT3 activation (Miao et al.,
2006). Why then are SOCS3a and SOCS3b induced in
regenerating RGCs? They certainly do not inhibit optic nerve
regeneration in our explant assay. One hypothesis is that JAK-
STAT signaling induces axon elongation but is not required to
maintain it. Therefore, induction of SOCS3 in response to nerve
injury, as a direct response to JAK-STAT signaling, may be too
late to block the initiation of axon elongation. Although we do
not know the function of SOCS3 during optic nerve regenera-
tion, it is possible that it functions to buffer the deleterious effects
of over-active JAK-STAT signaling which is known to cause
inflammation and malignancy depending upon the cellular
context (O'Sullivan et al., 2007).
Sox11 is a regulator of neuronal properties during develop-
ment (Bergsland et al., 2006) and it is induced in regenerating
peripheral nerves (Tanabe et al., 2003). It was somewhat
surprising that knockdown of Sox11a and Sox11b had no effect
on axon outgrowth from our explants. However, an additional
Sox protein, Sox4, may be able to compensate for the loss of
Sox11. Both of these proteins are C-group Sox proteins with
highly conserve structures and expression patterns (Kamachi etal., 2000). In developing spinal cord, it was necessary to knock
down both Sox11 and Sox4 to identify a phenotype (Bergsland
et al., 2006). Closer examination of our microarray data does
indicate that zebrafish Sox4a is induced 2.9-fold in regenerating
RGCs. Sox4b is not present on the array and may also be
induced. So it is possible that Sox4a and/or Sox4b can
compensate for the loss of Sox11a and Sox11b during optic
axon regeneration.
KLF6a and KLF7a regulate axon outgrowth in retinal explants
We found that KLF6a and KLF7a are induced in RGCs
during optic nerve regeneration with a time course that correlates
with axon extension. KLF7a, but not KLF6a, is expressed during
retinal development. These data suggest that in the retina KLF7a
is an axon growth-associated gene, while KLF6a is a regenera-
tion-specific gene.
Interestingly, knocking down of either KLF6a or KLF7a
alone had no effect on axon outgrowth from retinal explants
while combined knockdown of both proteins dramatically sup-
pressed RGC axon regeneration. We suspect that this effect is a
result of KLF6a and KLF7a targeting an overlapping set of
regeneration-associated genes. For example, KLF6 and KLF7
have been shown to regulate p21cip/waf and p27kip1 two proteins
proposed to modulate Rho signaling pathways and nerve
regeneration (Kajimura et al., 2007; Laub et al., 2005; Narla et
al., 2001; Tanaka et al., 2004). KLF7 regulates GAP43 and cell
adhesion genes in the olfactory bulb (Kajimura et al., 2007) and
KLF6 may regulate the same genes in injured neurons. Our
results suggest that KLF6a and KLF7a are key transcription
factors that are necessary for robust RGC axon regeneration in
the adult fish visual system.
Summary
We have identified a large set of genes involved in CNS
regeneration in zebrafish. Many of these genes are identical to
those induced in regenerating mammalian peripheral nerves and
in mammalian RGCs stimulated to regenerate their optic axons
using a combination of nerve and lens injury (Bonilla et al.,
2002; Costigan et al., 2002; Fischer et al., 2004a,b; Nilsson et al.,
2005; Tanabe et al., 2003). These results indicate evolutionarily
conserved regeneration processes. However, a significant
number of genes we identified have not been described in
mammalian models of regeneration and it is likely that they
contribute to the robust regenerative response of fish and their
lack of induction in mammals may contribute to its poor
regenerative capacity. Because the list of regulated genes is
relatively large, it is important to identify those that are essential
for axonal regeneration. Towards this goal we developed a
method for delivering morpholino-modified antisense oligonu-
cleotides to optic nerve-lesioned RGCs in vivo in order to
knockdown gene expression specifically in RGCs. Retinal
explants were then used to quantify RGC axon regeneration.
Analysis of 6 genes using this method demonstrated that not all
gene inductions are necessary for RGC axon outgrowth (ie.
SOC3a, SOCS3b, Sox11a, and Sox11b). However, we did
610 M.B. Veldman et al. / Developmental Biology 312 (2007) 596–612identify 2 genes (KLF6a and KLF7a) that, together, are essential
for axon outgrowth. The application of this strategy to other
regeneration-regulated genes will allow us to systematically
identify genes that are likely to be essential for optic axon
regeneration.
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